Phosphatidylserine (PS) exposure on the external leaflet of the plasma membrane is widely observed during apoptosis and forms the basis for the annexin V binding assay to detect apoptotic cell death. Current efforts to explain PS exposure focus on two potential mechanisms, activation of a phospholipid scramblase or calcium-mediated trafficking of lysosomes to the cell surface. Here, we provide evidence that apoptotic PS exposure instead reflects bidirectional trafficking of membrane between the cell surface and cytoplasm. Using a series of cell lines, some of which expose large amounts of PS during apoptosis and some of which do not, we demonstrate that accumulation of plasma membrane-derived cytoplasmic vesicles in a dynamin-, clathrin-and Cdc42-independent manner is a previously undescribed but widely occurring feature of apoptosis. The apoptotic exposure of PS occurs when these vesicles traffic back to cell surface in a calcium-dependent process that is deficient in a substantial fraction of human cancer cell lines. These observations provide a new model for PS externalization during apoptosis and simultaneously identify an altered step that accounts for the paucity of apoptotic PS exposure in many cell lines. Cell Death and Differentiation (2013) 20, 64-76; doi:10.1038/cdd.2012; published online 3 August 2012
The biochemical basis for apoptotic PS externalization remains incompletely understood. The most widely accepted model suggests that an enzyme capable of randomizing PS across the plasma membrane -a so-called scramblase -is activated during apoptosis. Consistent with this model, a polypeptide capable of scrambling PS in liposomes in vitro was purified; and the cDNA encoding this phospholipid scramblase (PLSCR1) was cloned. 10 Plscr1 deletion in mice, however, had no effect on apoptosis-induced PS externalization. 11 Additional studies suggested a role for the ATP-binding cassette (ABC) transporters ABC1 12 and Tat-1 4 in PS externalization, although the latter claim has also been questioned. 13 More recently, TMEM16F was implicated in Ca 2 þ -dependent phospholipid scrambling in blood cells, 14 although its role in apoptotic PS exposure has not been confirmed. An alternative model suggests that apoptotic PS externalization reflects trafficking of lysosomes to the cell surface rather than a simple enzymological process. 15 The demonstration that annexin V binding to staurosporine-treated HeLa cells could be inhibited by the lysosomotropic agent chloroquine, coupled with studies of NBD-PS dynamics, suggested that PS externalization reflects Ca 2 þ -induced trafficking of lysosomes to the plasma membrane. 15 Whether this occurs in response to other stimuli and in different cells remains uncertain.
Despite the widespread use of PS externalization as a marker for apoptosis, certain cell lines undergo apoptosis with very little increase in annexin V binding. 16 Although special assay conditions have been developed to detect PS on the surface of these apoptotic cells, 8 the biological basis for the diminished PS externalization is unclear.
Based on the results of the present study, we propose a different mechanism for PS externalization during apoptosis. We also report that the second step in this process is impaired in a number of human cancer cell lines, providing an explanation for the low PS externalization observed during apoptosis in those lines.
Results
Limited annexin V binding to apoptotic T98G, Daudi and D32 cells. To identify models for studying PS externalization, we searched for human cell lines with diminished annexin V binding during apoptosis. While studying TRAILinduced cell death in T98G glioblastoma cells (Figures 1a-e) , 17 we readily detected apoptotic changes when cells were assayed for nuclear fragmentation, extractable chromatin or cleavage of procaspases and caspase substrates. Nonetheless, these cells did not bind annexin V (Figures 1c and e) when the assay was performed using standard procedures. 18 A similar discrepancy between annexin V binding and other assays for apoptosis was observed in T98G cells treated with etoposide (Supplementary Figure S1 ), Daudi cells exposed to camptothecin (Supplementary Figures S2a-e) , and D32 cells incubated with TRAIL ( Supplementary Figures S2g-i) .
We initially examined the possibility that PS was not detected on these apoptotic cells because of problems with the annexin V binding assay. It has been suggested that annexin V binding can be missed if the assay is performed at high cell density. 8 For subsequent studies, Jurkat cells, which stain strongly with annexin V, 3, 17 and T98G cells were analyzed at the same time. Flow cytometer photomultipliers were set so that nonapoptotic Jurkat cells exhibited a very low annexin V signal (Figure 1f , lower left panel) and binding to the two lines was directly compared. Untreated T98G cells exhibited a mean fluorescence intensity that was 3.2 ± 0.7-fold higher (mean ± S.D., n ¼ 6) than untreated Jurkat cells (Figure 1f , upper left panel), reflecting the larger volume of T98G cells (2100 versus 800 mm 3 , respectively). When TRAIL-treated T98G cells at varying cell concentrations were stained with annexin V, decreasing the cell concentration below that used in earlier studies 2, 3 resulted in increased annexin V staining (Figure 1g) . Nonetheless, the TRAILinduced increase in annexin V binding at each cell concentration was much higher in apoptotic Jurkat cells, suggesting that T98G cells have a limitation in PS exposure that is not explained solely by use of the nonsaturating amounts of annexin V provided in commercial kits.
Cells with diminished apoptotic PS exposure contain anionic phospholipids, express putative scramblases and lack detectable scramblase inhibitors. To rule out the possibility that T98G cells lack aminophospholipids, cells were incubated with streptolysin O, then stained with annexin V and propidium iodide (PI). Cells that were permeabilized (as indicated by PI positivity) readily stained with annexin V (Supplementary Figure S3a , right panel, upper right quadrant). Likewise, T98G cells that were spontaneously permeabilized ( Figure 1f , circled regions) bound at least as much annexin V as similarly permeabilized Jurkat cells.
To determine whether diminished annexin V binding might reflect a scramblase deficiency, expression of putative scramblase genes was assessed. PLSCR1 was expressed in T98G cells at the mRNA as well as the protein level ( Supplementary Figures S3b and c) . Sequencing of PLSCR1 cDNA failed to identify any mutations. In further experiments examining multiple cell lines, some of which bind annexin V extensively during apoptosis in our studies (Jurkat, HL-60, K562) 17, 19 and some of which do not (T98G, D32, Daudi), there was no correlation between annexin V binding and expression of PLSCR1 or any other PLSCR family member ( Supplementary Figures S3b and c) . Likewise, there was no correlation between apoptotic annexin V binding and mRNA encoding ATP8A1, the closest human homolog of the Tat-1 gene implicated in C. elegans apoptotic PS externalization, 4 or other members of this ATPase family (Supplementary Figure S3d) . Moreover, TMEM16F, the enzyme recently implicated in Ca 2 þ -dependent phospholipid scrambling in blood cells, 14 was expressed in all of the lines (Supplementary Figure S3d) and did not lack exon 13, which was reported as a causative mutation in Scott Syndrome.
To address the possibility that T98G cells express a scramblase inhibitor, enhanced green fluorescent protein (EGFP)-labeled Jurkat cells were fused with enhanced blue fluorescent protein (EBFP)-labeled T98G cells, treated with ionomycin, stained with annexin V and PI, and analyzed. If T98G cells contained a scramblase inhibitor, fused cells (positive for EGFP and EBFP) would lack scramblase activity. Contrary to this prediction, fused cells bound annexin V (Supplementary Figure S4) , indicating that T98G cells do not contain a potent scramblase inhibitor.
Extensive cytoplasmic vesicles are formed during apoptosis. While examining TRAIL-treated T98G and HCT116 cells by confocal microscopy, we noticed that annexin V staining included both cell surface binding and punctate cytoplasmic signals in apoptotic cells (Supplementary Figure S5) . Further analysis by transmission electron microscopy revealed extensive formation of cytoplasmic vesicles in apoptotic Jurkat, HCT116 and T98G cells (Figures 2a, c and e) . Interestingly, the frequency of these vesicles in sections of apoptotic cells was comparable for all three lines (Figure 2f ). Similar cytoplasmic vesicles were observed in Jurkat cells undergoing apoptosis in response to etoposide, an agent previously shown to induce apoptosis in these cells through the mitochondrial pathway, 20 as well as etoposide-treated HL-60, HCT116 and T98G cells; TRAIL-treated D32 and camptothecin-treated Daudi cells (Supplementary Figures S6a, b and d and data not shown). 21 Vesicle formation was not affected by EGTA (data not shown) but was inhibited by Q-VD-OPh (Supplementary Figures S6e and f) , suggesting that this process is caspasedependent.
Apoptotic cytoplasmic vesicles arise from the plasma membrane. To assess whether these cytoplasmic vesicles originated from the plasma membrane, cells were biotinylated using cell-impermeable reagents, 17 treated with TRAIL or diluent, fixed, permeabilized, reacted with rhodaminecoupled streptavidin, and analyzed by confocal microscopy. Cells treated with diluent displayed biotin labeling only at the cell surface (Figures 3a, c and e) , whereas apoptotic TRAILtreated cells exhibited punctate intracellular staining as well (Figures 3b, d and f) . Likewise, staining of thin sections with gold-conjugated streptavidin revealed label almost exclusively on the surface of diluent-treated cells (Figures 3g and i ) but also associated with cytoplasmic vesicles in apoptotic cells (Figures 3h and j) . Collectively, these results identify the each and fixed in 3 : 1 methanol:acetic acid before staining with Hoechst and examination by fluorescence microscopy (a); incubated in flow cytometry buffer containing 0.1% Triton X-100, 50 mg/ml PI, and 0.1% sodium citrate overnight and examined by flow cytometry (b) or stained with annexin V-APC and 1 mg/ml PI and analyzed by flow cytometry (c). The bulk of the untreated cells were assumed to be negative for annexin V staining; and only cells that stained brighter than this population (above the horizontal line) were considered positive. 18 Numbers in each quadrant indicate % of total events. (d) In a separate experiment, whole cell lysates from T98G cells treated with 0, 1.25, 2.5, 5 or 10 ng/ml TRAIL for 4 h were subjected to immunoblotting. *, caspase-induced fragments of the indicated antigens. NS denotes a nonspecific band. B23, which is not cleaved by caspases during apoptosis, 43 Additional experiments were performed to rule out alternative sources of these vesicles. After transfection with LC-3B fused to EGFP, cells were treated with TRAIL or, as a positive control, rapamycin. LC-3B foci, a hallmark of autophagy, were increased in HCT116 cells but unchanged in Jurkat or T98G cells during TRAIL treatment (Figure 4a ). Moreover, the autophagy inhibitors 3-methyladenine (3-MA) and chloroquine did not inhibit TRAIL-induced plasma membrane internalization ( Figure 4b ). Thus, the formation of cytoplasmic vesicles in apoptotic Jurkat and T98G cells cannot be attributed to autophagy.
In light of a recent study implicating lysosomes in PS externalization, 15 we also assessed the potential role of lysosomes in apoptotic cytoplasmic vesicle formation. Staining with lysotracker green, a weak amine that accumulates in lysosomes because of their acidic pH, was similar in control and TRAIL-treated cells (Figure 4c ), suggesting that the lysosomal volume was similar. Moreover, when control and TRAIL-treated HCT116 and T98G were stained with lysotracker green and examined by confocal microscopy, there was no discernible change in the number or size of lysosomes (XWM and A Patel, unpublished observations). In addition, the lysosomal ATPase inhibitor bafilomycin A1, like chloroquine, failed to inhibit formation of the plasma Further experiments examined whether various pathways previously implicated in plasma membrane internalization participate in formation of apoptosis-associated cytoplasmic vesicles. Transfection with the C-terminal domain of the Figure 3 Vesicles formed during apoptosis appear to originate from the plasma membrane. (a-f) Jurkat (a and b), HCT116 (c and d) and T98G cells (e and f) were biotinylated, treated with diluent (a, c and e) or 25 ng/ml TRAIL (b, d and f) for 4 h, fixed, permeabilized, stained with rhodamine-conjugated streptavidin and Hoechst 33258 and examined by confocal microscopy. (g-j) Cells were biotinylated with cell impermeable reagents, washed, treated with diluent (g and i) or TRAIL (h and j) for 4 h, washed, embedded in resin, stained with gold-conjugated anti-biotin antibody and visualized by electron microscopy adapter protein AP-180, which inhibits clathrin-mediated endocytosis, 22 including endocytosis of CD71 in Jurkat cells, 17 had no effect on apoptotic cytoplasmic vesicle formation (Figures 5a and b) . Dominant negative Cdc42, dominant negative Arf6 and mutant dynamin 2, which inhibit various pathways of clathrin-independent endocytosis, likewise had no effect (Figure 5b ), suggesting that processes leading to apoptotic plasma membrane internalization are clathrin-and dynamin-independent. Results with cytochalasin D (Figure 5c ) likewise argue against involvement of the actin cytoskeleton.
Based on the observation that annexin V binding was only observed in cells with decreased volume 2 and the realization that any decrease in cell volume has to be accompanied by a Figure 4 Effects of inhibitors on TRAIL-induced cytoplasmic vesicle formation. (a) Jurkat, HCT116 and T98G cells were transfected with EGFP-tagged LC-3B, incubated for 24 h, treated with 10 nM rapamycin for 24 h or 10 ng/ml TRAIL for 4-6 h, fixed, stained with Hoechst 33258 and examined by confocal microscopy. (b) Following biotinylation with cell impermeable reagents, Jurkat cells were treated with diluent, 100 nM bafilomycin A1, 10 mM chloroquine or 1 mM 3-MA for 30-60 min, after which 12.5 ng/ml TRAIL was added for 4.5 h in the continued presence of the indicated inhibitor. After fixation, permeabilized cells were stained with rhodamine-coupled streptavidin and photographed as illustrated in Figure 3b . The presence versus absence of cytoplasmic streptavidin-avid vesicles was scored in a minimum of 50 cells. Results shown are the percentage of cells with readily detectable streptavidin-positive cytoplasmic vesicles, which were scored in normal cells in the control specimens and in apoptotic cells in the TRAIL-treated samples. Error bars, range of two independent experiments. (c) Jurkat cells were treated with diluent or 10 ng/ml TRAIL for 4.5 h, stained with annexin V-APC and 1 mg/ml lysotracker green, and analyzed by flow cytometry decrease in surface area, resulting in excess plasma membrane, we postulated that cytoplasmic vesicle formation might result from cell shrinkage, another widely observed feature of apoptosis. 23, 24 To assess this possibility, we induced cell shrinkage by acute exposure to mannitol. 25 Extensive intracellular vesicle formation similar to that seen in apoptotic cells was observed in mannitol-treated cells (Figures 6a-d and f) , raising the possibility that cytoplasmic vesicle formation reflects internalization of plasma membrane through mechanical processes when cells shrink during apoptosis or in response to osmotic stimuli. In contrast to etoposide-induced vesicle formation (Supplementary Figures  S6e and f) , mannitol-induced vesicle formation was not inhibited by Q-VD-OPh, suggesting that the mannitol-induced process is caspase-independent (Figures 6e and f) .
Trafficking of plasma membrane-derived vesicles back to the cell surface is diminished in cells with low apoptotic PS exposure. In complementary experiments, treatments that target lysosomes, impede autophagy, or inhibit dynamin-dependent endocytosis had no impact on TRAIL-induced PS externalization (Supplementary Figure S7) . Because previous studies suggested that Ca 2 þ -mediated protein kinase Cd activation contributes to PS externalization, 26 we also examined the effects of the PKCd inhibitor rottlerin and the Ca To further examine the role of Ca 2 þ in PS externalization, cells were treated with the Ca 2 þ ionophore ionomycin, which induces PS externalization in platelets and various somatic cells 7, 27 but has also been noted to induce a Ca 2 þ -mediated membrane wound healing process. 28, 29 Like apoptotic stimuli, ionomycin triggered extensive PS externalization in Jurkat, HL-60 and K562 (Figure 7c and data not shown) but had a much smaller effect in T98G (Figures 7c and d) , Daudi (Supplementary Figure S2f) and D32 (data not shown).
Because the same cells exhibit diminished PS externalization in response to apoptotic stimuli (Figure 1 Figure S2f ), we examined whether diminished apoptotic PS externalization might reflect a defect in Ca 2 þ -induced membrane trafficking. Electron microscopy revealed that the number of vesicles fusing with the plasma membrane after TRAIL treatment (arrowheads in Figures 2a and c) was highest in Jurkat cells, which externalize the most PS during apoptosis, and much lower in T98G cells, which bind much less annexin V (Figure 7e ). These observations suggested a possible alteration in vesicle trafficking back to the cell surface in cells with diminished apoptotic PS exposure.
To further test this possibility, we followed the fate of plasma membrane by examining levels of endogenous cell surface CD71 (transferrin receptor) during apoptosis as outlined in Figure 8a . In both untreated and TRAIL-treated Jurkat cells, trypsin exposure led to decreased cell surface CD71 as expected (9.5±3.0% and 26.7±10.1% of control signal remaining, respectively, Figure 8b , panels 1 and 2; Figure 8c ). During subsequent incubation at 37 1C for 3 h (in the continued presence of TRAIL for treated cells), CD71 levels at the cell surface rose to 31.8 ± 6.7% of control in untreated cells and 96.4±44.0% of control in TRAIL-treated cells. This increase could be inhibited by cycloheximide (CHX) in untreated cells, but to a much lesser degree in TRAILtreated cells (Figure 8b, panel 4) , suggesting that new protein synthesis is required for the reappearance of CD71 on healthy cells but not apoptotic cells. In other words, these results provide direct evidence that internalized plasma membrane containing CD71 is cycled back to the cell surface in TRAILtreated Jurkat cells.
When the same experiment was performed in T98G cells, a different picture emerged. Trypsin treatment again reduced the CD71 signal in untreated and TRAIL-treated T98G cells to 15.5 ± 4.2% and 37.5 ± 7.4% of untreated cells, respectively (Figure 8d ). When T98G cells were subsequently incubated at 37 1C for 3 h, whether CHX was present or not, TRAIL-treated T98G cells showed a relatively small increase in CD71 signal, Figure 6 Mannitol induces vesicle formation. (a and b) HCT116 (a) and T98G (b) cells were treated with 500 mM mannitol for 30 min and analyzed by electron microscopy. (c-e) Jurkat cells were biotinylated using cell impermeable reagents, pretreated with 5 mM Q-VD-OPh for 30 min (e), treated with diluent (c) or 500 mM mannitol (d, e) for 30 min, fixed, permeabilized, stained with rhodamine-conjugated streptavidin and Hoechst 33258, and examined by confocal microscopy. (f) Percentage of cells with prominent cytoplasmic vesicles from experiments depicted in (c-e). A minimum of 50 profiles from two independent experiments were analyzed for each sample suggesting that T98G cells have a defect in trafficking cytoplasmic vesicles back to the plasma membrane. This result, coupled with the diminished ability of these same cells to expose PS in response to ionomycin, suggests a defect in Ca 2 þ -mediated membrane externalization that results in decreased PS exposure.
Discussion
Although annexin V binding has been widely used to study apoptosis, the mechanistic basis for apoptotic PS exposure remains incompletely understood. Results of the present study suggest a two-step model (Figure 8e ) in which internalization of plasma membrane to form cytoplasmic vesicles occurs as cells shrink during apoptosis and is followed by Ca 2 þ -dependent trafficking of some of these vesicles back to the cell surface, leading to PS externalization.
In support of the first step, we observed accumulation of cytoplasmic vesicles in a variety of cells undergoing apoptosis in response to divers stimuli (Figures 2-5, Supplementary  Figure S6 ). These vesicles were absent from nonapoptotic cells in the same samples (Figures 2a, b, d and f) . Importantly, Figure 2 , and the number of vesicles fusing with the plasma membrane per cell was determined in a minimum of 90 cell profiles. * indicates value of o0.02 when cell surface proteins were derivatized using cellimpermeable biotinylating agents and then subjected to apoptotic stimuli, cytoplasmic vesicles within apoptotic cells were readily labeled with streptavidin ( Figures 3, 4b and 5) , suggesting the internalization of cell surface proteins. Streptavidin did not label similar structures in diluent-treated cells (Figure 3 ), indicating that their formation accompanies apoptosis.
Several observations also provide evidence that trafficking of these vesicles back to the cell surface contributes to PS externalization. First, more vesicles fusing with the plasma membrane are seen in cell lines that externalize more PS during apoptosis (Figures 2 and 7e) . Second, the plasma membrane protein CD71 rapidly reappears on the surface of trypsin-shaved Jurkat cells undergoing apoptosis but not on the surface of trypsin-shaved nonapoptotic cells, suggesting an increased flux of membrane proteins to the cell surface during apoptosis (Figures 8b and c) . Importantly, this flux in apoptotic cells was unaffected by CHX (Figures 8b and c) , suggesting that the protein (and lipid) movement reflects plasma membrane trafficking that is independent of protein synthesis. Third, this CHX-resistant trafficking of CD71 back to the cell surface was markedly diminished in T98G cells, which externalize much less PS than Jurkat cells (Figure 8d ). Finally, cell lines with lower apoptotic PS exposure also exhibited lower ionomycin-induced membrane trafficking (Figures 7c and d; Supplementary Figure S4) . Collectively, these results provide strong evidence for the second step depicted in Figure 8e .
While our study was in progress, Mirnikjoo et al. 15 reported that PS exposure in apoptotic HeLa cells reflects Ca 2 þ -dependent trafficking of lysosomes to the plasma membrane. Results described here indicate that plasma membrane is internalized as cells shrink during apoptosis, forming intracellular vesicles. This is followed by Ca 2 þ -dependent trafficking of some of those cytoplasmic vesicles back to the plasma membrane, leading to PS externalization. The second step is defective in cells such as T98G, Daudi and D32, all of which form extensive cytoplasmic vesicles during apoptosis but externalize a very small percentage of the total cellular PS in response to either apoptotic stimuli or ionomycin Several observations in the present study are not consistent with this model. First, we did not observe any change in lysosomal mass, as assessed by lysotracker green staining, that would suggest increased lysosomal mass early during the apoptotic process or decreased lysosomal mass as cells become annexin V positive (Figure 4c) . Second, we could not detect any inhibitory effect of agents that disrupt lysosomal function, including chloroquine and bafilomycin A1, on apoptotic cytoplasmic vesicle formation or subsequent PS exposure (Figure 4b; Supplementary Figures S7a and d) . While it is possible that a small number of lysosomes traffic to the cell surface along with the plasma membrane-derived cytoplasmic vesicles, our observations argue against the possibility that lysosomes are the major source of cell surface PS during apoptosis.
It is interesting to compare the PS externalization process proposed in Figure 8e with other processes that lead to annexin V binding. Nagata and colleagues have traced the Ca 2 þ -triggered PS externalization that provides a lipid platform for assembling coagulation factors on activated platelets 7 to the scramblase activity of TMEM16F. 14 On the other hand, PS is also detectable on the surfaces of membraneenclosed nuclei that are released from maturing erythroblasts; 30 and the release of these effete nuclei has been shown to involve a vesicle-mediated membrane fusion process. 31 Moreover, Ca 2 þ -stimulated PS exposure on murine B cells, which varies from strain to strain, has been shown to depend on cell shrinkage, 32 consistent with the findings summarized in Figure 8e . Whether cell shrinkage and/or membrane fusion, as opposed to scramblase activation, also plays a similar role in the currently unexplained appearance of PS on the surface of activated T lymphocytes 33 and on tumor exosomes 34 remains to be determined. Consistent with earlier reports, 8, 16 we readily identified several cell lines in which apoptotic PS exposure was difficult to detect (Figure 1; Supplementary Figures S1 and S2 ) even when we decreased the cell number (Figures 1f and g ) as suggested 8 or increased the annexin V concentration in the assays to compensate for nonsaturating amounts of annexin V provided in commercial kits (S-HL, unpublished observations). In the present study, we showed for the first time that diminished PS externalization was also seen when the same cell lines were treated with ionomycin (Figures 7c and d;  Supplementary Figure S2f) , a classical stimulus of Ca 2 þ -mediated membrane repair, and traced this effect to diminished fusion of vesicles with the cell surface (Figures 2  and 7e ) rather than a lack of putative scramblases ( Supplementary Figures S3b-d) or the presence of a scramblase inhibitor (Supplementary Figure S4) .
Future studies will undoubtedly help refine the mechanism proposed in Figure 8e . Our model postulates that plasma membrane internalization is the first step; but the usual participants in endocytosis, including clathrin, dynamin and actin do not appear to play a role ( Figure 5 ). Our model also postulates that the second step in PS externalization reflects Ca 2 þ -mediated trafficking of many of these same vesicles to the cell surface. Although lysosomes have been most often found to be the organelle that traffics to the breach when the plasma membrane of nonapoptotic cells is mechanically disrupted, 29, 35 other membranous organelles have also been observed to traffic in this fashion. 28 The protein components of this Ca 2 þ -activated membrane trafficking machinery remain largely unidentified 28, 36 and might even vary from cell type to cell type. 37 The present demonstration that T98G, Daudi and D32 cells all have a defect in this machinery might provide an opportunity to identify additional components of this pathway.
PS is normally found on the cytoplasmic leaflet of endocytic vesicles. We envision two potential processes that could lead to the accessibility of PS on the cell surface after vesicle fusion. First, upon internalization, the vesicles formed as cells shrink might not traffic to specific compartments as ordinary endocytic vesicles would. Lacking the optimal environment or machinery to maintain proper membrane asymmetry, 38 vesicles may expose PS on the luminal leaflet, resulting in PS externalization upon fusion with the plasma membrane. Alternatively, vesicles that contain PS on their cytoplasmic surfaces may be trafficked to the plasma membrane by the machinery that participates in the wound healing process, patching areas of the plasma membrane and resulting in PS exposure. 38 Further studies are needed to distinguish between these models.
In summary, the present results suggest that apoptotic PS externalization results from a two-step process (Figure 8e ) that begins with the internalization of plasma membrane as cells shrink during apoptosis, forming intracellular vesicles that are then trafficked back to the cell surface in a Ca 2 þ -dependent manner. Importantly, this second step is markedly diminished in cell lines with diminished apoptotic PS exposure. RT-PCR. Total RNA was isolated from cells using an RNeasy isolation kit (Qiagen, Valencia, CA, USA) according to the supplier's instructions and treated with RNase-free DNase I (Invitrogen) for 15 min at 21 1C. RT-PCR was performed using the SuperScript III First Strand kit (Invitrogen). PLSCR, ATPase family members, and TMEM16F were amplified using primers shown in Supplementary  Table S1 and or Jurkat cells were transfected with 40 mg plasmid encoding EBFP or EGFP, respectively, using a 10-ms pulse at 240 or 280 V. At 48 h after transfection, the cells were switched to medium containing 800 mg/ml G418. Once G418-resistant T98G colonies formed, clones were isolated using cloning rings and assayed for transgene expression by flow cytometry. Similarly, once G418-resistant Jurkat cells grew up, clones were isolated by limiting dilution and assayed for transgene expression by flow cytometry.
Cell fusion. To determine whether inhibitors of PS externalization were present in T98G cells, cell fusion was performed. Equal numbers of Jurkat cells stably expressing EGFP and T98G cells stably expressing EBFP were combined and pelleted at 50 Â g. Cell fusion was initiated using polyethylene glycol 1500 following the supplier's instructions. Following fusion, cells were collected by centrifugation, resuspended in T98G culture medium, and seeded. After 24 h, cells were treated with ionomycin, then stained with annexin V and PI as described below.
Apoptosis assays. After treatment with the indicated concentrations of TRAIL for 4-6 h or topoisomerase poisons for 24 h, cells were fixed in 3 : 1 (v:v) methanol:acetic acid, dropped onto glass slides, air dried, stained with 1 mg/ml Hoechst 33258, and visualized by fluorescence microscopy. To assess DNA fragmentation, cells were incubated in buffer containing 0.1% (w/v) Triton X-100, 50 mg/ml PI and 0.1% (w/v) sodium citrate overnight at 4 1C and analyzed by flow cytometry. 39 Treatment with streptolysin O or ionomycin. Cells were washed once with serum-free RPMI 1640 medium, incubated in medium containing 0.8 U/ml streptolysin O for 10 min at 37 1C to facilitate annexin V penetration 40 or in medium containing the indicated concentration of ionomycin for 15 min at 37 1C to trigger PS exposure. 41 Cells were then washed once with serum-free medium prior to annexin V staining.
Annexin V binding by flow cytometry. Binding of APC-conjugated annexin V to cells was assessed as originally described. 2, 3 The indicated number of cells were stained with annexin V (at the concentration suggested by the supplier) and 0.1 mg/ml PI for 15 min in 100 ml annexin V buffer consisting of 140 mM NaCl, 2.5 mM CaCl 2 and 10 mM HEPES (pH 7.4). At the conclusion of the incubation, samples were diluted with 400 ml annexin V buffer and immediately subjected to flow cytometry. In all, 20 000 events were collected from the FL3 (excitation 488 nm, emission 650 LP) and FL4 (excitation 635 nm, emission 661 ± 8 nm) channels of a Becton Dickinson FACSCalibur or FACSCanto flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data analysis was performed using Becton Dickinson CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA).
Electron microscopy. Log phase cells (40-50% confluent) were treated with the indicated concentrations of TRAIL in their respective growth media for 4 h or etoposide for 6 h. At the completion of the incubation, HCT116 and T98G cells were separated into nonadherent (collected on ice) and adherent fractions (released by 10 min treatment with trypsin-EDTA). The fractions or the total Jurkat cell population were sedimented at 50 Â g, washed once with ice-cold phosphatebuffered saline (PBS), and fixed at least overnight in Trump's fixative at 4 1C. Samples were then washed with phosphate buffer, dehydrated through a series of ethanol washes, embedded in Embed 812/Araldite resin, post-fixed in 1% osmium tetroxide, and stained with uranyl acetate and lead citrate by standard techniques. In all, 10-20 randomly chosen fields were photographed at Â 2500-3000 magnification on a Jeol 1400 (Jeol, Inc., Peabody, MA, USA) transmission electron microscope and examined for the appearance of cytosolic vesicles.
Biotinylation of cell surface proteins. T98G and HCT116 cells were released by brief treatment in EGTA and diluted with their respective media. These cells or Jurkat cells were sedimented at 100 Â g for 6 min, and washed three times with ice-cold PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS-CM). Cell surface proteins were biotinylated by incubating cells in 1.0 ml PBS-CM containing 1 mM NHS-LC-Biotin (Pierce, Rockford, IL, USA) on ice for 1 h. The reaction was stopped by incubating cells with ice-cold PBS-CM containing 100 mM glycine. After three washes with PBS-CM, cells were resuspended in their respective media and incubated with diluent or rhTRAIL at 37 1C for 4 h. Samples were then sedimented at 100 Â g for 5 min, washed once with ice-cold PBS, fixed in 4% EM grade glutaraldehyde in PBS for 15 min, washed, dehydrated and embedded in LR White resin.
To detect biotinylated proteins, 100 nm thick sections were collected on Ni grids; hydrated in 0.1 M phosphate buffer followed by Target Retrieval Solution (DAKO Immunoblotting. Western blotting was performed as previously described. 42 Membranes were probed with the following antibodies: murine monoclonal antiprocaspase 3 from BD Biosciences, rabbit polyclonal anti-procaspase 6 from Cell Signaling Technology (Beverly, MA, USA), murine monoclonal anti-PLSCR1 or rabbit polyclonal anti-PKCd from Santa Cruz Biotechnology (Santa Cruz, CA, USA), chicken polyclonal anti-lamin B, 43 murine monoclonal anti-PARP (Guy Poirier, Laval University, Ste-Foy, Quebec, Canada), murine monoclonal anti-lamin A/C (Frank McKean, Harvard University) or, as a loading control, chicken anti-B23/nucleophosmin.
43
CD71 staining. T98G cells were detached from flasks using 2.5 mM EDTA in PBS prior to treatment. Jurkat and T98G cells were either left untreated or treated with 10 or 25 ng/ml TRAIL, respectively, for 3 h. Cells were then incubated in medium A or trypsin for 1 h at 37 1C to remove cell surface CD71. Medium with or without TRAIL and/or 30 mg/ml CHX was added as indicated; and cells were incubated for 3 h at 21 1C or at 37 1C. At the completion of treatment, cells were stained with murine anti-human CD71 (BD Pharmingen) in 100 ml buffer consisting of 2% (w/v) bovine serum albumin in PBS, washed twice with PBS, stained with FITC-labeled goat anti-mouse IgG (Southern Biotech) and APC-conjugated annexin V and immediately analyzed by flow cytometry. In all, 20 000 events were collected from the FL1 (excitation 488 nm, emission 530/30) and FL4 (excitation 633 nm, emission 660/20) channels of a Becton Dickinson FACSCanto II flow cytometer. Data were analyzed using CellQuest software (BD Biosciences).
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